Introduction
Mammalian ovarian follicles develop from primordial follicles to antral follicles, which is essential for normal reproductive function of female. Increasing prevalence of obesity, type 2 diabetes, and related complications are major health issues in world. Evidence is growing that chronic hyperglycemia has a detrimental effect on follicular development and consequently leads to infertility [1] [2] [3] [4] . But the exact mechanisms that responsible for pathogenesis of diabetes-induced infertility are not clear.
The growing mammalian follicle consists of a single oocyte, surrounding granulosa cells (GCs), and an outer rim of theca cells. The growth of oocytes and GCs development are mutually regulatory events during follicular development. GCs not only provide various energy substrates for nurturing oocytes, but also have an essential role on corpus luteum (CL) formation, which influences the quality of oocytes and subsequent embryonic development. The apoptosis of GCs is the main molecular mechanism of atresia [5, 6] . Our and others' prior researches have delineated that obesity and diabetes significantly induced the apoptosis of GCs [3, 7] . But the exact mechanisms are
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International Publisher still unclear. Our and others' studies have revealed that elevated oxidative stress, endoplasmic reticulum (ER) stress, and consequent excessive cell apoptosis are the causal events for diabetes-related complications [8] [9] [10] . Diabetes significantly triggers oxidative stress, which in turn leads to DNA damage [11] . DNA damage triggers cell cycle arrest and results in apoptosis, which suppresses oocytes maturation [12] . Thus, we propose that diabetes significantly induced apoptosis of GCs by triggering DNA damage and ER stress during ovarian follicular development and CL formation, consequently leading to abnormal follicular development.
Prior studies have demonstrated that the vascular system in ovary originates from theca folliculi interna and breaks up into a rich network of capillaries that builds a basket-like network around the avascular stratum granulosum [13, 14] . The movement of nutrients and small macromolecules from blood vessels of theca into follicular fluid is essential for the development of the ovum and follicle. Angiogenesis is required throughout all processes of follicular development, including ovulatory cycle and CL formation [15, 16] . Recent studies have reported that vascular endothelial growth factor (VEGF) has a critical role in the process of thecal angiogenesis during follicular development [17, 18] . As one of crucial transcriptional factor, hypoxia inducible factor 1α (HIF1α) participates in the regulation of VEGF expression in ovary [19] [20] [21] . Chronic exposure to hyperglycemia significantly suppresses VEGF expression and inhibits angiogenesis [22] .
As the rapidly increasing number of women with type 2 diabetes, it is an urgent need to establish a useful and effective diabetic animal model to reveal the effect of diabetes on ovarian development. In present study, 4-week old female mice were fed with high fat diet (HFD) to establish type 2 diabetes model and used to reveal the molecular mechanisms underlying diabetes on ovarian follicular development, offering a novel theoretical basis for diabetes related-infertility.
Material and Methods

Induction of Type 2 Diabetes Mouse Model
4-week old female C57BL/6J mice were purchased from the Animal Center of the Chinese Academy of Sciences in Shanghai, China. The protocol for animal care and use was conformed to the Guide for the Care and Use of Laboratory Animals from the National Institutes of Health and was approved by the Animal Care and Use Committee of Wenzhou University. The animals were maintained under a 14-h light/10-h dark condition. After arrived, mice were divided into two groups and fed either with a high-fat diet (HFD, Research Diets, New Brunswick, NJ) or a normal control diet (NC, Research Diets, Harlan, US) for 15 weeks or 20 weeks. Body weight was recorded weekly. After 15/20 weeks fed with HFD, body mass index (BMI), blood glucose levels, glucose tolerance test (GTT) and insulin tolerance test (ITT) were assessed after fed 15 weeks on HFD and 20 weeks on HFD.
Blood Glucose Measurement, Glucose Tolerance Test and Insulin Tolerance Test
Blood glucose was measured using a handheld glucometer with appropriate test strips (FreeStyle Lite). For GTT, mice were fasted overnight (17:00-9:00) and then intraperitoneally injected with glucose at dose of 2 g/kg body weight. Blood glucose levels were measured before injection and at 15, 30, 60, 90, and 120 min after injection. For ITT, mice were fasted for 5 h (9:00-14:00) and then intraperitoneally injected with insulin at dose of 0.75 units/kg body weight. Blood glucose levels were measured before injection and at 15, 30, 60, 90, and 120 min after injection.
Hematoxylin and Eosin (H&E) and Immunohistochemistry
Ovaries were collected at 15 weeks or 20 weeks and fixed with 4% paraformaldehyde in phosphate buffered saline (PBS). Ovaries were dehydrated in alcohol and embedded with paraffin. 7 µm sections were dewaxed and hydrated, then stained with H&E and eventually observed under light microscope. For immunohistochemistry, the sections were also incubated in 3% H2O2 for 15 min and then in blocking solution for 45min after dewaxing and hydration. Subsequently, the sections were incubated at 4°C overnight with the following primary antibodies: anti-CD31 (1:250, sc793); anti-VEGF (1:500, sc507) and anti-C/EBP-homologous protein (CHOP) (1:250, sc10790). After washed with PBS for 3 times, the sections were incubated with horseradish peroxidase-conjugated secondary antibodies for 4 h at 37°C. The sections were reacted with 3, 3-diaminobenzidine (DAB). The results were imaged using a Nikon A1 Plus fluorescence microscope (Nikon, Tokyo, Japan).
Lipid Hydroperoxide Quantification (LPO)
The degree of lipid peroxidation, an index of oxidative stress, was quantitatively assessed using the Calbiochem Lipid Hydroperoxide Assay Kit (Milliproe, Bedford, MA). Briefly, ovaries were homogenized in HPLC-grade water. Lipid hydroperoxides were extracted from ovary by deoxygenated chloroform, and the absorbance at 500 nm was measured after reaction with chromogen. Results were expressed as µM lipid hydroperoxides per microgram protein. Protein concentrations were determined with BioRad DC protein assay kit (BioRad, Hercules, CA).
Immunoblotting
The ovaries from different experimental groups were sonicated in lysis buffer, containing a protease inhibitor cocktail (Sigma, St Louis, MO). Protein concentrations were determined using the bicinchoninic acid (BCA) method (Thermo, Rockford, IL, USA). Equal amounts of protein and the Precision Plus Protein Standards (Bio-Rad) were resolved by SDS-PAGE electrophoresis and transferred onto PVDF membranes (Bio-Rad). Membranes were incubated with 5% nonfat milk for 45 min and then incubated for 18 h at 4℃ with the primary antibodies at dilution of 1:1,000 in 5% nonfat milk. To test whether equivalent amounts of protein were loaded among all samples, membranes were stripped and incubated with a mouse antibody against β-actin (Abcam) to generate a signal used as a loading control. Signals were visualized using the 
Real-time PCR
Using the TRIzol reagent, mRNA was isolated from each ovary, and then reversed transcribed using the high-capacity cDNA archive kit (Applied Biosystem, Grand Island, NY). RT-PCR for HIF1a, VEGF and β-actin were performed using the Maxima SYBR Green/ROX qPCR Master Mix assay (Thermo Scientific, Rockford, IL) in the StepOne Plus system (Applied Biosystem).
TUNEL Assay
TUNEL staining (ApopTag Fluorescein in Situ Apoptosis Detection kit, Chemicon) was performed to determine apoptosis level. After dewaxing and hydration, ovarian sections were incubated with 20 μg/ml proteinase K working solution for 15 min at 37°C. The slides were rinsed with PBS for 3 time followed by incubation with TUNEL reaction mixture for 1 h at 37℃. After rinsed with PBS (5 min, thrice), sections were incubated with 4', 6-diamidino-2-pheny-lindole (DAPI, Beyotime, Shanghai, China) for 5 min at room temperature and mounted with aqueous mounting medium(Sigma, St Louris, MO). The results were imaged using a Nikon A1 Plus fluorescence microscope (Nikon, Tokyo, Japan).
Statistical Analyses
Data were presented as means ± SE. Experiments were repeated at least three times, and ovarian sample from each replicate was from different female mice. Statistical differences were determined by one-way analysis of variance (ANOVA) using Graphpad Prism5. Tukey test was used to estimate the significance of the results.
Results
Diet induced-obese (DIO) type 2 diabetes caused abnormal ovarian follicular development
We used 4-week-old female mice to induce type 2 diabetes via fed with HFD. After fed with HFD for 15/20weeks, mean body weights and BMI of mice in HFD group were both significantly greater than those in mice from normal control groups ( Figure 1A and B), indicating that the mice had been successfully induced into obese mouse model after 15 weeks on HFD. Additionally, blood glucose levels of mice in HFD groups were both significantly enhanced when compared with NC group, more importantly, mean blood glucose level of mice in 20W-HFD group was also significantly higher than that in mice from 15W-HFD group ( Figure 1G ). Moreover, GTT and ITT results had demonstrated that HFD significantly impaired glucose tolerance and induced insulin resistance of mice after 15 weeks and hereafter ( Figure  1C , D, E and F).
We assessed the effect of diabetes on follicular development. It was observed that the ovaries in mice had shown normal ovarian morphology with different stage of follicles and normal CL formation after fed with different diet for 15 weeks ( Figure 1H and I). However, the majority of follicles in ovaries from 20W-HFD group were arrested at early stage or atretic ( Figure 1M ). Even some follicles had escaped and developed into matured follicles, the number of GCs was much less in cumulus-oocyte complex (COC) or follicular wall ( Figure 1K , L, M, N and O), but no remarkable abnormal morphology in ovaries from mice fed with normal diet for 20 weeks ( Figure  1J ). Taken together, type 2 diabetes significantly induced apoptosis of GCs and arrested follicular development.
DIO-type 2 diabetes triggered oxidative stress and DNA damage of ovary
In current study, we had assessed whether oxidative stress and DNA damage were involved in type 2 diabetes-induced abnormal ovarian follicular development. We found that lipid peroxidation levels in ovaries from mice fed with HFD for 20 weeks were significantly higher than those in ovaries from the other groups (Figure 2A) . The expressions of P53, p-H2AX and p-CHK2 in ovaries from 15/20 weeks HFD group were significantly elevated when compared with those in ovaries from NC group ( Figure 2B, D, E and G) . However, the expressions of p-CHK1 and p-cdc25 were significantly up-regulated in ovaries after 20 weeks fed with HFD, but no significant difference in ovaries from mice fed with different diet for 15 weeks ( Figure 2B, C and F) . Based on above data, it implied that the effect of DIO-type 2 diabetes on abnormal follicular development was time-dependent. Thus, the ovaries from mice after 20 weeks on different diet were used to further analyze the relevant mechanism hereafter.
DIO-type 2 diabetes induced ER stress of ovary
ER stress is the main molecular mechanism underlying diabetes-related complications [8, 10, 23, 24] . Thus, we detected the expressions of ER stress makers in ovaries and found that the expression levels of phosphorylated protein kinase RNA-like ER kinase (p-PERK), phosphorylated inositol requiring protein-1α (p-IRE1α), phosphorylated eukaryotic initiation factor 2α (p-eIF2α), CHOP and binding immunoglobulin protein (BiP) in ovaries from 20W-HFD group were significantly increased when compared with those in ovaries from 20W-NC group ( Figure 3A and B) . Immunohistochemical staining result was consistent with Western blot results with elevated expression of CHOP in ovaries from HFD group ( Figure 3C ). 
DIO-type 2 diabetes led to caspase activation and subsequent apoptosis in ovary
Here, we tried to further verify whether apoptosis was involved in the effect of DIO-type 2 diabetes on follicular development. TUNEL staining was used to detect the apoptotic cell in ovary. It was clearly observed that the apoptotic GCs surrounding oocytes and CL in ovaries from HFD group ( Figure  4E 
DIO-type 2 diabetes suppressed ovarian angiogenesis
Angiogenesis is essential for normal ovarian function. In our present study, we found that the ovarian morphology of mice from 15W-HFD group shown normal ovarian morphology when compared with that in NC group with normal size and visible blood vessel ( Figure 5A-C) . By contrast, the ovaries of mice from 20W-HFD group exhibited hyaline appearance, much less blood vessel, and had large numbers of cystic follicles stored under the tunica albuginea ( Figure 5D ). Additionally, CD31 signals (the maker of vascular) of ovaries from 20W-HFD group were much week than those of ovaries from the other groups ( Figure 5E ).
DIO-type 2 diabetes inhibited HIF1α-VEGF signaling pathway in ovary
As a crucial transcription factor, HIF1α is involved in the regulation of VEGF expression and subsequent angiogenesis [20] . Here, we detected the expression of HIF1α and VEGF in ovary. It was observed that the mRNA levels of HIF1α and VEGF in ovaries from 20W-HFD group were significantly lower when compared with those in ovaries from 20W-NC group, but no significant difference between 15W-NC and 15W-HFD group ( Figure 6A ). Consistent with mRNA levels, diabetes significantly suppressed the protein levels of HIF1α and VEGF in ovaries from mice after fed with HFD for 20 weeks ( Figure 6B ). Immunohistochemical staining result had also shown much weaker signals of VEGF in ovary from 20W-HFD group ( Figure 6C) . 
Discussion
Diabetes has a negative effect on ovarian follicular development and increases morbidity of infertility [25] [26] [27] [28] [29] . With the rapidly increasing epidemic of diabetes, it is an urgent need to further clarify the molecular mechanisms underlying diabetes-induced infertility. In our current study, we had successfully established type 2 diabetic mouse model in C57BL/6J mice via feeding with HFD to mimic human DIO-type 2 diabetes. After 15 weeks, the mice had not only been induced into obese, a major factor for induction of type 2 diabetes [30, 31] , but also had the characteristics of type 2 diabetes. The mice were continuously fed with HFD and developed more serious characteristics of diabetes with higher body weight, blood glucose and more serious impaired glucose tolerance and insulin resistant after fed with HFD for 20 weeks.
Oocytes growth and GCs development are mutual and subtle regulatory processes during ovarian follicular development. Normal proliferation and apoptosis of GCs is essential for oocytes growth [32] . Follicular atresia occurs in the whole process of ovarian follicular development [33, 34] . GCs apoptosis is the main molecular mechanism of follicular atresia [35, 36] . Excessive apoptosis of GCs has a detrimental effect on ovarian follicular development. In current study, we found that apoptosis of GCs in COC, follicle wall and CL were significantly induced after 20 weeks on HFD. Our mechanistic study found that diabetes-induced excessive GCs apoptosis was Caspase 8-dependent, and finally activated Caspase 3.
Elevated cellular stress is a major causal event of diabetes-associated the onset of complications. Diabetes significantly induces oxidative stress [37] , which in turn triggers DNA damage and ER stress [38] , resulting in cell apoptosis [11, 39] . In present study, we found that diabetes significantly induced oxidative stress, up-regulated the expression of P53 gene, and activated the downstream molecular, CHK1 and CHK2, eventually caused DNA damage after fed with HFD for 20 weeks, but there are no significant difference in 15W-HFD group. Additionally, elevated ER stress was also involved in the process of diabetes-induced excessive apoptosis of GCs. In our present study had also revealed that diabetes suppressed ovarian angiogenesis with much less blood vessels in ovary from mice in 20W-HFD group. We found that diabetes significantly suppressed HIF1α and subsequently inhibited the expression of VEGF, a vital regulatory factor for angiogenesis [40] [41] [42] . Angiogenesis is essential for normal follicular development, ovulation and CL formation [43, 44] . It is well known that comparing to the rest of developing follicles, dominant follicles have a higher degree of vascularity and thereby increase the supply of nutrients matching the demand from the maturing follicle [45] . Additionally, extensive vascular support is required for the phenotypic and functional shift of GCs [46] . These findings suggested that diabetes suppressed ovarian angiogenesis via inhibiting HIF1α-VEGF signaling pathway, which was one of potential molecular mechanisms for diabetes-induced abnormal ovarian function ( Figure 7 ). Endothelial dysfunction is vital pathogenesis for diabetes-induced vascular complications, which is the principal cause of disability and death in patients with diabetes mellitus [47] . Reactive oxygen species (ROS) has been operated as signaling molecules to mediate various responses [48, 49] , which involves in the modulation of HIF1α activity and VEGF expression. It was well known that hyperglycemia is the major risk factor for the development of diabetes-associated vasculopathy [50] , which up-regulates the production of ROS in vascular cells [51, 52] and consequently mediates endothelial dysfunction [53] . However, the effect of hyperglycemia-induced elevated ROS on HIF1α is complicated. It has demonstrated that ROS, especially superoxide (O2-), suppresses HIF1α at the post-transcriptional level by activating a proline hydroxylase and finally ubiquitin-proteasome activity [54] . Additionally, ROS-NO and ROS-Rac1 signaling pathways are also the possible mechanisms underlying the impairment of the HIF1α pathway by hyperglycemia [54] . In our study, CD31, an endothelial marker, was significantly suppressed by high glucose, suggesting that hyperglycemia-induced elevated ROS maybe also involve in the suppression of HIF1α-VEGF signaling pathway and consequently lead to endothelial dysfunction and injury in ovary.
In our study, we chose to study the effect of diabetes on ovarian follicular development after fed with HFD for 15 weeks and 20 weeks. These findings had demonstrated that the effect of diabetes on ovarian function was time-dependent. The abnormal follicular development and suppression of angiogenesis were presented in ovaries from mice in 20W-HFD group. However, they weren't observed in ovaries from mice in 15W-HFD group. The mechanistic studies were consistent with these findings with the inhibition of HIF1α-VEGF signaling pathway, induction of DNA damage, and elevated ER stress in ovaries from 20W-HFD group. It is well known that prediabetes develops insulin resistance and triggers compensatory insulin secretion. Untreated, β-islet cells are destroyed after a long-term exposure to hyperglycemia, thereafter indispensable need for exogenous insulin supply [55, 56] . Consistent with prior study, we found that average blood glucose of mice from 20W-HFD group was significant higher than that of mice from 15W-HFD group, which may explain the adverse effect of diabetes on ovaries after fed with HFD for 20 weeks, but no remarkable influence at 15 weeks. Our results further confirmed that hyperglycemia resulting in glucotoxicity is the major factor that contributes to abnormal ovarian function in diabetes.
In summary, we used C57BL/6J mice to successfully establish DIO-type 2 diabetes. We found that diabetes not only significantly induced DNA damage and ER stress, thereby resulted in excessive GCs apoptosis, but also suppressed ovarian angiogenesis via inhibiting HIF1α-VEGF signaling pathway, leading to abnormal follicular development and CL formation in time-dependent (Figure 7) . Hyperglycemia was the major pathogenic factor for diabetes-inducted abnormal ovarian function. These findings highlight that effective glucose control is necessary for normal ovarian function in diabetic mellitus.
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